Abstract : Leaf area index (LAI) is important in explaining the ability of the crop to intercept solar energy for biomass production and in understanding the impact of crop management practices. This paper describes a procedure for estimating LAI as a function of image-derived vegetation indices from temporal series of IKONOS, Landsat TM, and MODIS satellite images using empirical models and demonstrates its use with data collected at Missouri field sites. LAI data were obtained several times during the 2002 growing season at monitoring sites established in two central Missouri experimental fields, one planted to soybean (Glycine max L.) and the other planted to corn (Zea mays L.). Satellite images at varying spatial and spectral resolutions were acquired and the data were extracted to calculate normalized difference vegetation index (NDVI) after geometric and atmospheric correction. Linear, exponential, and expolinear models were developed to relate temporal NDVI to measured LAI data. Models using IKONOS NDVI estimated LAI of both soybean and corn better than those using Landsat TM or MODIS NDVI. Expolinear models provided more accurate results than linear or exponential models.
Introduction
Leaf area index (LAI) was first introduced by Watson (1947) and defined as the ratio of leaf area to a given unit of land area, a ratio that is functionally (Jensen, 2000) . Although these physical bases explain their function, vegetation indices are generally based on empirical evidence, not on basic biology, chemistry or physics.
Remote sensing estimation of LAI has been primarily based on the empirical relationship between the field-measured LAI and satellite image-based spectral signals (Curran et al., 1992; Peddle et al., 1999 (Lee et al., 2006; Baret and Guyot, 1991; Huete et al., 1994; Potithep et al., 2010) . Many previous studies investigated the relationship between LAI and NDVI, and developed empirical models based on that relationship (Turner et al., 1999; Gonzalez-Sanpedro et al., 2008; Zheng and Moskal, 2009; Kim and Lee, 2003) . However, few studies compared LAI estimation based on data from various satellite sensors. (Baret and Guyot, 1991; Wiegand et al., 1991; Thenkabail et al., 2000; Hong et al., 2004; Doraiswamy et al., 2005 
Materials and Methods

1) Study areas and monitoring sites
2) Image data used and image processing
Multi-sensor optical data from IKONOS (4 m (Table 1) . Areas for extracting NDVI from the images were selected to be coincident with the hand-harvested areas for estimating LAI.
Field measurement data were interpolated using two adjacent dates to match the dates for images and paired with the image data value extracted from the one coincident pixel of the Landsat TM and MODIS images for data analysis. The one exception was for sites 106 and 107, which were located within the same MODIS image pixel. The LAI value corresponding to this pixel was determined by Korean Journal of Remote Sensing, Vol.28, No.6, 2012 -600- Atmospheric correction, which is a process to reduce atmospheric effects and more accurately estimate surface reflectance, was applied to the IKONOS and Landsat TM images using the COST model (Chavez, 1996) . Based on Equation 2, Landsat TM and IKONOS digital numbers were converted to radiance values using radiometric calibration coefficients for each band as shown in Table 2 .
Radiometric calibration coefficients for Landsat TM were obtained from the metadata file of the image.
Radiometric calibration coefficients developed by the NASA calibration team (Pagnutti et al., 2003) were used for IKONOS images.
The COST model is an image-based atmospheric correction method. Radiance images calculated from is that dark objects comprise 1 percent minimum reflectance (Chavez, 1996) . By correcting haze effects, the images are corrected band by band for atmospheric and radiometric noise (Chavez, 1996) .
r: spectral reflectance of the surface q: solar zenith angle ESUN: top of the atmospheric solar irradiance d: distance between sun and earth L i : at-sensor radiance for each band i L haze,i : path radiance due to haze for each band i L 1% : radiance of an absolutely dark object when it is haze-free L min : minimum radiance of each band i Linear, exponential, and expolinear models (Anderson et al., 2004) as shown in Table 3 were used to estimate image-based LAI and compared with observed LAI. Although the linear model is simple to apply, performance of this model is poor during periods of Maximum LAI (Wang et al., 2005) . For deciduous forest, the exponential model was more effective than the linear model (Tagesson, 2006 
Results and Discussion
1) Atmospheric correction effect on IKONOS and Landsat TM images
2) Crop growth and NDVI change
The LAI of soybean and corn at all monitoring sites increased to about 3~4 until the maturing stage(R4) at the end of August for soybean and until the grain filling stage(R3) in mid-July for corn, and then decreased as shown in Fig. 5 . Time difference for LAI peak for soybean and corn was about a month. Within-field LAI variability was found at both fields, with higher LAI variability among monitoring sites before the reproductive stages.
Soybean NDVI values calculated from IKONOS, Landsat TM, and MODIS at the sampling sites increased to about 0.9 until early September as shown in Fig. 6 . Corn NDVI values increased to about 0.7 to Korean Journal of Remote Sensing, Vol.28, No.6, 2012 -604- 
3) LAI estimation using NDVI values
Linear, exponential, and expolinear models were applied to estimate LAI using NDVI values from IKONOS, Landsat TM, and MODIS images as shown in Table 4 . Expolinear models showed higher r2 than linear and exponential models for corn LAI estimation. Anderson et al. (2004) indicated One functional advantage to the expolinear regression form is that the linear section (at low VI) extrapolates to bare soil conditions at reasonable values of VI .
For soybean, expolinear model showed the highest r2
value from IKONOS-derived models for LAI estimation but linear and exponential models showed the highest r 2 value from Landsat TM-and MODISderived models, respectively.
All IKONOS-derived models for LAI estimation had higher r2 values than Landsat TM-or MODISderived models, which implied satellite images with higher spatial resolution were more useful for estimating within-field LAI variability than those with coarser spatial resolution such as Landsat TM and MODIS (Table 4) .
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